Parasin I is a potent 19-residue antimicrobial peptide isolated from the skin mucus of wounded catfish (Parasilurus asotus). Here we describe the mechanism of parasin I production from histone H2A in catfish skin mucosa on epidermal injury. Cathepsin D is found to exist in the mucus as an inactive proenzyme (procathepsin D), and a metalloprotease, induced on injury, cleaves procathepsin D to generate active cathepsin D. This activated form of cathepsin D then cleaves the Ser 19 -Arg 20 bond of histone H2A to produce parasin I. Immunohistochemical analysis reveals that unacetylated histone H2A, a precursor of parasin I, and procathepsin D are present in the cytoplasm of epithelial mucous cells and that parasin I is produced on the mucosal surface on epidermal injury. Western blot analysis shows that parasin I is also present in the skin mucus of other fish species. Furthermore, parasin I shows good antimicrobial activity against fish-specific bacterial pathogens. Taken together, these results indicate that cathepsin D and a metalloprotease participate in the production of parasin I from histone H2A and that parasin I contributes to the innate host defense of the fish against invading microorganisms.
interfaces, such as the integument and the respiratory and digestive epithelia (9) . Biological studies of these antimicrobial peptides have demonstrated that in addition to killing microorganisms, some of these peptides function in regulating cell proliferation (10) , extracellular matrix production (11) , and cellular immune responses (12) . Thus, they provide a powerful defense system that can both protect the mucosal surfaces from infection and signal host cells to change their behavior in response to external injury.
Recently, a potent 19-residue linear antimicrobial peptide named parasin I was isolated from the skin mucus of wounded catfish (5) . The amino acid sequence of parasin I (KGRGKQGGKVRAKAKTRSS) is identical at 17 of 19 residues to the N-terminal region of histone H2A from calf thymus (13) . The function of histones historically has been viewed mainly in connection with DNA stabilization and gene expression. However, there is growing evidence that histones may be involved in a multitude of biological functions, including host defense (6, (14) (15) (16) (17) . Histones have been detected in extracellular fluid as well as on the surface of intact cells, and the proteolytic processing of histone H2A to yield an antimicrobial peptide buforin I was reported (17) . Buforin I is a 39-residue toad peptide produced from histone H2A by pepsin action (17) . The high degree of homology between parasin I and the N-terminal region of histone H2A suggests that parasin I may be generated by proteolytic cleavage of histone H2A. However, the protease responsible for the generation of parasin I from histone H2A has not yet been identified. Furthermore, the observation that parasin I is found only in the skin mucus of wounded catfish and not in unwounded catfish (5) suggests the involvement of an inducible mechanism in parasin I production. In this study, we describe the mechanism for the generation of parasin I from histone H2A in catfish skin mucosa. We also assess the biological role of parasin I in the innate host defense of fish against invading microorganisms.
MATERIALS AND METHODS

Preparation of mucus extracts
Catfish (400-500 g each, provided from natural pounds near Taejon, Korea) were kept for 1 wk in the laboratory in a 70-liter tank. We wounded catfish by scratching the skin with sandpaper and subsequently stunning them by electroshock 5 h after the wounding. We collected mucus samples (50 mg of protein) from normal (unwounded) and wounded catfishes by lightly scraping the surface of the dorso-lateral parts of the skin with a plastic spatula. Ventral skin mucus was not collected so as to avoid possible contamination with intestinal contents. The collected mucus was homogenized in 100 ml of 50 mM ammonium acetate (pH 7.0) containing 15% (v/v) glycerol. After centrifugation at 12,000 g for 40 min at 4°C, the supernatant was collected, and these mucus extracts were used as the source for the purification of proteases.
Assay for proteolytic activity
We examined proteolytic cleavage of histone H2A by incubating 10 µg of unacetylated calf thymus histone H2A (Roche, Manheim, Germany) with mucus extracts (5 µg of protein) from either wounded catfish or normal catfish in reaction buffers ranging in pH from 3.0 to 10.0 (total reaction volume, 50 µl). After incubation for 1 h at room temperature, the reactions were stopped by boiling for 5 min and analyzed by 16.5% tricine sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). For protease inhibition assays, we pre-incubated the mucus extracts (5 µg of protein) for 1 h at room temperature with each of the following protease inhibitors: phenylmethylsulfonyl fluoride (PMSF) (10 mM), E-64 (50 µM), pepstatin A (50 µM), and ethylenediaminetetraacetic acid (EDTA) (5 mM). Histone H2A (10 µg) was then added, and the protease reactions were allowed to proceed for an additional hour (final reaction volume, 50 µl in reaction buffer).
Purification of a specific protease from the mucus of wounded and normal catfishes
All purification steps were carried out at 4°C. Mucus extracts of wounded catfish that contained ~50 mg of protein (5 mg/ml) were acidified to pH 3.5 and loaded into a column of pepstatin Aagarose equilibrated with 50 mM sodium acetate (pH 3.5). The column was washed with the same buffer at a flow rate of 0.2 ml/min until the absorbance at 280 nm fell to a baseline. This pepstatin A flow-through fraction was concentrated and desalted by using a Centricon microconcentrator (Amicon, Beverly, MA) with a 10 kDa molecular mass cut-off membrane for further use. Proteins of interest were then eluted from the pepstatin A-agarose column loaded with the mucus extracts at the same flow rate with 50 mM Tris-HCl (pH 8.5) containing 0.5 M NaCl. Fractions (1 ml) were collected and analyzed by 16.5% tricine SDS-PAGE for parasin Iproducing activity at pH 6.0. Active fractions were concentrated and desalted as above. The pooled active fractions from the pepstatin A-agarose step were loaded into a Mono Q (HR 5/5) column (0.5×5.0 cm, Pharmacia LKB, Uppsala, Sweden) on a fast protein liquid chromatography (FPLC), which was equilibrated with 0.05 M pyridine-acetate buffer (pH 6.0), and eluted with a gradient of 0 to 1.0 M ammonium acetate in a total volume of 50 ml of the starting buffer. The purified parasin I-producing protease was subjected to N-terminal sequence analysis by automatic Edman degradation on a gas-phase sequencer, Model 477A (Applied Biosystems, Foster City, CA).
A non-aspartyl protease was also purified from the mucus of normal catfish and analyzed by using the same methods as above except for the following modification. Because the mucus extracts of normal catfish did not show the parasin I-producing activity when incubated with histone H2A, the latent parasin I-producing proteolytic activity of each fraction (1 ml), which was collected during the protease purification from the mucus of normal catfish, was assessed after addition of the pepstatin A flow-through fraction (5 µg of protein) prepared from the mucus of wounded catfish.
cDNA cloning of the gene encoding the purified protease
A cDNA encoding the purified protease was isolated from a catfish skin cDNA library, which was constructed with a Uni-ZAP XR cDNA library kit (Stratagene, La Jolla, CA) according to the manufacturer's procedure. The library was screened with a 1641-nt probe specific to the purified protease, which was generated by 3′ RACE (3′ RACE PCR kit, Life Technologies, Rockville, MD). For the RACE procedure, a PCR primer (5′ ATHCCNYTNAARAARTT 3′, where R=A, G; Y=C, T; H=A, C, T; N=A, C, G, T) was designed based on the amino acid sequence (residues 4 to 9) of the purified protease from normal catfish and was used as a genespecific sense primer. The nucleotide sequence of the selected clones was determined on both strands by using universal and sequence-specific primers on an automated DNA sequencer (ABI prism model 377, Perkin Elmer, Foster City, CA).
Purification and characterization of the peptide cleaved off from histone H2A by the purified protease Histone H2A (100 µg) was incubated for 1 h at room temperature with the protease purified from the mucus of wounded catfish (3 µg) in 100 µl of 20 mM sodium phosphate (pH 6.0) containing 50 mM NaCl. The reaction mixture was analyzed on a Waters high-pressure liquid chromatography system equipped with a C 18 reversed-phase column (3.9×300 mm, Delta Pak, Millipore, Milford, MA). A linear gradient of 0% to 35% acetonitrile in 0.1% trifluoroacetic acid was established over a period of 1 h at a flow rate of 1 ml/min. Fractions corresponding to each peak were lyophilized, resuspended in water, and analyzed by tricine SDS-PAGE. We examined the antimicrobial activity of each peak by the radial diffusion assay on a Bacillus subtilis lawn as described by Lehrer et al. (18) . The molecular size of the processed parasin I-like peptide was determined by matrix-associated laser desorption ionization mass spectroscopy (Kratos Kompact MALDI, Manchester, England). The amino acid sequence was determined by automatic Edman degradation as described before.
Antibody preparation
A mouse monoclonal antibody to histone H2A (BWA3) was obtained from Monestier et al. (19) . We purchased a rabbit polyclonal antibody to acetylated (Ac-Lys 5 ) histone H2A (Serotec, Oxford, England) and a rabbit polyclonal antibody to human cathepsin D (Upstate Biotechnology, Lake Placid, NY). The antibody to parasin I was elicited in rabbits by injection of synthetic parasin I after conjugation via an added C-terminal cysteine residue to keyhole limpet hemocyanin (Pierce, Rockford, IL) as described by Kim et al. (17) . Antibody specificities were determined by competitive ELISA as described by Monestier et al. (20) . In the case of the anti-parasin I antibody, parasin I (1 µM) was used as a coated antigen, and 0 to 10 µM histone H2A or parasin I was used as competitors in the fluid phase. IC 50 values are defined as the amount (expressed in µM) of competitor necessary to inhibit maximal antibody binding by 50%.
Immunohistochemistry
Skin samples taken from both normal and wounded catfishes were placed in 4% paraformaldehyde dissolved in phosphate-buffered saline (PBS), incubated overnight at 4°C, and embedded in paraffin. Serial cross sections (4 µm) of the embedded catfish skin were deparaffinized, treated with 0.3% hydrogen peroxide in methanol for 30 min, and washed extensively, first with water and then with PBS. We performed immunostaining by using a biotin-avidin-peroxidase method (Vectastain ABC Elite kit, Vector, Burlingame, CA) according to the manufacturer's protocol. Briefly, the sections were incubated with 1% normal blocking serum for 20 min at room temperature and then incubated for 1 h with the following antibodies: anti-unacetylated histone H2A (20 µg/ml), anti-acetylated histone H2A (1:3000 dilution), antiparasin I (1:1000 dilution), and anti-cathepsin D (1:1000 dilution). Sections were developed with diaminobenzidine for 10 min and then counterstained with Mayer's hematoxylin, dehydrated, and mounted. Reagents for the hematoxylin and eosin stain and the periodic acid-Schiff (PAS) stain were obtained from Poly Scientific (Bay Shore, NY). We performed control incubations by using equivalent dilutions of rabbit preimmune serum as a primary antibody.
Preparation of peptide samples from the skin mucus of fish
Skin mucus (50 mg of protein) was collected from wounded catfish, eel (Anguilla japonica), loach (Misgurnus anguillicandatus), and rainbow trout (Oncorhynchus mykiss). The mucus samples were homogenized separately in 100 ml of extraction medium (0.2 M sodium acetate, pH 7.0; 0.2% Triton X-100; and 50 µM pepstatin A). After centrifugation, the supernatants were collected and subjected to reversed-phase concentration with Sep-Pak C 18 cartridges (Millipore) as described by Park et al. (5) . The prepared peptide samples were analyzed by Western blotting. 
Western blot analysis
Antimicrobial assays
Aeromonas salmonicida was cultured in trypticase soy broth at 26°C. Cytophaga aquatilis and Yersinia ruckeri were cultured in nutrient broth at 26°C. Edwardsiella ictaluri and Lactococcus garvieae were cultured in brain heart infusion medium at 26°C and 30°C, respectively. The minimal inhibitory concentrations (MICs) against the fish-specific pathogens listed above were determined by incubating approximately 5 × 10 4 colony forming units with serial dilutions of synthetic parasin I in each well of a static 96-well microtiter plate (Corning, Acton, MA) as described by Park et al. (21) . The inhibition of growth was determined by measuring the absorbance at 620 nm with a Model 550 Microplate Reader (Bio-Rad). The lowest concentration of peptide that completely inhibited bacterial growth was defined as the MIC.
RESULTS
Cathepsin D is responsible for the proteolytic cleavage of histone H2A to yield parasin I
As a preliminary experiment, we assessed the specific proteolytic activity that converts histone H2A to parasin I in the mucus extracts from both normal and wounded catfishes. The mucus extracts of normal catfish did not show parasin I-producing activity, however, the mucus extracts from wounded catfish had a parasin I-producing activity (pH range, 5.0 to 6.0, Fig. 1A ). Enzyme inhibition studies showed that the production of parasin I from histone H2A by an activity in the mucus extracts of wounded catfish was abolished completely by pretreatment of the mucus with pepstatin A, a strong aspartic protease inhibitor (Fig. 1B) . However, the serine protease inhibitor PMSF, cysteine protease inhibitor E-64, and metalloprotease inhibitor EDTA had no effect on the parasin I-producing activity. These results indicate that an aspartic protease(s) is involved in the production of parasin I from histone H2A in the mucus of wounded catfish. Therefore, we sought to purify these aspartic protease(s) from the mucus of wounded catfish by using a pepstatin A-agarose column. The fraction from the pepstatin A-agarose column that showed parasin I-producing activity was separated further into a single protein band of ~37 kDa by chromatography on an FPLC Mono Q column ( Fig. 2A, B ).
This purified enzyme was subjected to automated Edman degradation for amino acid sequence analysis, which allowed identification of the N-terminal 18 amino acid residues (Fig. 2C) . A search of the National Center for Biotechnology Information (NCBI) data bank through the BLAST network service showed that the amino acid sequence from the amino terminus of the parasin I-producing enzyme closely matched the N-terminal sequence of cathepsin D, especially that of icefish cathepsin D (22) . The proteolytic activity of cathepsin D was tracked throughout the purification by the presence of the processed parasin I-like peptide (as determined by tricine SDS-PAGE) and the antimicrobial activity (Fig. 3) . The amino acid sequence of the processed parasin I-like peptide, which was determined by automatic Edman degradation, was SGRGKQGGKARAKATRSS and, in repeated mass analysis, the peptide was found to have a mean mass value of 1932.5 Da. The amino acid sequence of the processed parasin I-like peptide was different from that of the natural parasin I in two residues because two residues in parasin I ( 
Procathepsin D is activated to mature cathepsin D by a metalloprotease that is induced on injury
Cathepsin D is known to be expressed constitutively in almost all cells (23) , except in particular forms of cancer (24) and in oocyte maturation of egg-laying animals (25) . Therefore, the observation that parasin I production is induced by epidermal injury (5) implies the presence of the responsible enzyme(s) in the mucus of wounded catfish that is subject to regulation. We hypothesized that cathepsin D might be secreted to the mucus as a latent proform and then activated to a mature form by an enzyme(s) induced in the mucus of wounded catfish. To address our proposed hypothesis, we attempted to isolate procathepsin D from the mucus of normal catfish by using the same methods as described for the mucus from wounded catfish. The pepstatin A-bound fractions obtained from the mucus of normal catfish did not show parasin Iproducing activity. However, the activity was generated when the pepstatin A flow-through fraction prepared from the mucus of wounded catfish were added to the pepstatin A-bound fractions. Fractions showing parasin I-producing activity with addition of the pepstatin A flowthrough fraction prepared from the mucus of wounded catfish were purified further by FPLC on a Mono Q column, and a 40 kDa protein was purified (Fig. 4) . This purified protein was subjected to automated Edman degradation for amino acid sequence analysis, and the first 24 amino acid residues were identified as LVRIPLKKFRSIRRTMSDSGRAVE. A cDNA encoding the 40 kDa protein was cloned by 3' RACE and cDNA library screening. DNA sequence analysis of the 1749-bp cDNA (GenBank accession no. AF396662) showed an open reading frame that encodes a 395-residue polypeptide that consisted of a putative signal peptide of 18 amino acids, a prosequence extending 43 amino acids, and a mature enzyme of 334 amino acids. A search of the NCBI data bank through the BLAST network service identified the purified protein as procathepsin D. Western blot analysis showed that the 40 kDa procathepsin D was processed to 37 kDa mature cathepsin D by the pepstatin A flow-through fraction prepared from the mucus of wounded catfish (Fig. 5) . The processing of procathepsin D to the mature cathepsin D was also examined with the pepstatin A flow-through fraction prepared from the mucus of normal catfish, but the cathepsin D-activating enzyme activity was not detected (data not shown). Furthermore, the cathepsin D-activating enzyme activity was inhibited only by EDTA, which suggests that the cathepsin D-activating enzyme induced in the mucus of wounded catfish is a metalloprotease (Fig. 5) . From these results, we concluded that parasin I was produced from histone H2A by two steps: (i) cathepsin D was secreted to the mucus as a proform, and (ii) a metalloprotease induced on injury cleaves procathepsin D to form active cathepsin D, which consequently cleaves the Ser 19 -Arg 20 bond of histone H2A.
Parasin I is produced on the mucosal surface upon epidermal injury
Immunohistochemical experiments were performed to determine the histological location of histone H2A, parasin I, and cathepsin D in cross sections of normal ( Fig. 6A-G) and wounded ( Fig. 6H ) catfish skins. To distinguish the histone H2A present in cytoplasm from that in the nucleus, we used two specific antibodies, anti-acetylated (Ac-Lys 5 ) histone H2A and antiunacetylated histone H2A (17) . The monoclonal antibody to unacetylated histone H2A (BWA3) stained the cytoplasm of epithelial mucous cells (Fig. 6D) , whereas the anti-acetylated histone H2A stained only the nucleus (Fig. 6E) . The catfish skin section that had been subjected to PAS-staining revealed that cells that were immunopositive for unacetylated histone H2A were also the PAS-positive cells responsible for the generation of mucus (Fig. 6B) . Incubation of the skin sections from normal ( Fig. 6G) and wounded (Fig. 6H) catfishes with a polyclonal antibody to parasin I showed strong immunoreactivity only at the mucosal surface of the wounded skin. This finding indicates that parasin I was produced on the mucosal surface on epidermal injury. The specificities of BWA3 and the polyclonal antibody to parasin I were confirmed further with a competitive ELISA assay (Fig. 7) . This assay showed that the binding of BWA3 to histone H2A was not inhibited by parasin I (IC 50 >10 µM), and the binding of the polyclonal antibody to parasin I was only slightly inhibited by histone H2A (IC 50 =7.8 µM). Control sections of catfish skin incubated with preimmune serum showed no immunoreactivity (Fig. 6C) . A polyclonal antibody specific to human cathepsin D localized the immunoreactivity of procathepsin D to the cytoplasm of epithelial mucous cells, the same cells that contained unacetylated histone H2A (Fig. 6F) . Given that cathepsin D was isolated as a proenzyme from the mucus of normal catfish, our results indicate that the cathepsin D immunoreactivity in epithelial mucous cells of normal catfish resulted from procathepsin D, although the antibody cannot distinguish procathepsin D from cathepsin D.
Parasin I is also present in the mucus of other fish species
We performed Western blot analysis to determine whether parasin I could be detected in other fish species. Skin mucus was prepared from wounded catfish, eel, loach, and rainbow trout and was partially purified by reversed-phase concentration. Western blot analysis identified in the mucus of all fish tested an immunoreactive peptide that corresponded to purified parasin I (Fig.  8) .
Parasin I shows good antimicrobial activity against fish-specific pathogens
Five fish-specific pathogens (Table 1) were used to test the bactericidal activity of synthetic parasin I: A. salmonicida (isolated from the skin of salmon), C. aquatilis (isolated from the gills of diseased salmon), Y. ruckeri (isolated from the rainbow trout with red mouth disease), E. ictaluri (isolated from a channel catfish), and L. garvieae (isolated from the kidney of diseased yellowtail). Results of the antimicrobial assays showed that parasin I is active against both Gram-negative and Gram-positive fish-specific pathogens.
DISCUSSION
In this study, we have demonstrated that the antimicrobial peptide parasin I is generated from unacetylated histone H2A in catfish skin mucosa by the action of cathepsin D, which is secreted to the mucosal surface as an inactive proenzyme (procathepsin D) and is activated to the mature enzyme by a metalloprotease induced in response to epidermal injury. Cathepsin D generates parasin I from histone H2A by cleaving specifically the Ser 19 -Arg 20 bond of histone H2A, as confirmed by structural and immunological analyses of the processed peptide. The report that rat epidermal cathepsin D hydrolyzes histone H2A selectively at pH 6 (26) also supports our data. Cathepsin D is a lysosomal aspartic protease that is synthesized as an inactive proenzyme (procathepsin D) and is activated most likely in the lysosome (23) . It has been reported that 5% to 15% of procathepsin D escapes targeting to the lysosome and is secreted from cells. It has been detected in human milk (27) and urine (28) as well as in bovine milk (29) . We purified procathepsin D from the mucus of normal catfish and measured its proteolytic activation to mature cathepsin D by Western blot analysis (Fig. 5) . The 40 kDa procathepsin D was processed to 37 kDa mature cathepsin D by an enzyme present in the mucus of wounded catfish. The incomplete conversion to cathepsin D in our assay may be due to insufficient quantities of the responsible enzyme or the suboptimal reaction conditions. It has been suggested that an unknown cysteine protease is responsible for the formation of mature cathepsin D in the lysosome (30) , but little is known about the activation of secreted procathepsin D by extracellular proteases. Our protease inhibition assay revealed that the cathepsin D-activating enzyme induced in the mucus of wounded catfish is a metalloprotease (Fig. 5) . This discrepancy may be accounted for by the fact that the enzyme profiles are different in the skin mucus and in the lysosome. Fish mucus has been reported to contain a variety of enzyme activities (31), including metalloproteases (32, 33) , whereas no metallo-endopeptidase is known to exist in the lysosome (34) . In vertebrates, metalloproteases, which are expressed or released in response to injury, disease, or inflammation, are typically associated with the immune response and tissue repair (35) . Among them, matrilysin (matrix metalloproteinase 7), the expression of which is induced by exposure to bacteria, has been reported to function in the intestinal mucosal defense by regulating the activity of defensins (36) . The inducible mechanism of the parasin I-producing activity in this study is in agreement with the findings of Park et al. that parasin I is found only in the skin secretions of wounded catfish and not in unwounded catfish (5) . Cathepsin D is thought to function primarily in the normal degradation of cellular and phagocytosed proteins in the lysosome (23) . It has also been postulated to play a role in antigen and prohormone processing (37, 38) , and its overexpression and increased secretion have been associated with the malignant behavior of human breast cancer (39) . Our results suggest that the role of cathepsin D may be extended to the innate host defense system, specifically by processing histone H2A to yield the antimicrobial peptide parasin I.
To elucidate the mechanism of parasin I generation in catfish skin mucosa, we performed immunohistochemical analyses with skin sections from both normal and wounded catfishes. Immunohistochemical data indicate that unacetylated histone H2A, the precursor of parasin I, and procathepsin D are present in the epithelial mucous cells (Fig. 6D, F) . This finding suggests that they are secreted to the mucosal surface in a way similar to other mucous substances. It appears that a large amount of unacetylated histone H2A is available in the cytoplasm of epithelial mucous cells. This results in part from the rapid regeneration of the skin mucosa and the active transcription in epithelial mucous cells, which are reflected in the high expression of histone proteins. Of the total histone H2A synthesized in the epithelial mucous cells, a limited amount moves into the nucleus and is acetylated (40) , whereas the excess unacetylated histone H2A accumulates in the cytoplasm and eventually is secreted to the mucosal surface. The immunoreactivity of unacetylated histone H2A and procathepsin D did not change on injury (data not shown), whereas the immunoreactivity of parasin I at the mucosal surface of the skin was increased greatly in response to injury (Fig. 6G, H) . This finding further confirms the existence of an inducible mechanism in parasin I production, which is mediated by the activation of procathepsin D secreted to the mucosal surface. Purification of the responsible enzyme, a cathepsin D-activating metalloprotease, is in progress to characterize further this inducible mechanism. Using recombinant catfish procathepsin D as a substrate, we plan to identify the metalloprotease in the mucus of wounded catfish that processes procathepsin D to cathepsin D.
Of note is the finding that the immunoreactivity of parasin I is extracellular on the mucosal surface. This indicates that parasin I coats the mucosal surface, where it may contribute to the establishment of a local antimicrobial milieu. Fish outer skin that covers the body surface consists mainly of skin mucus and epidermal cell layers. Because this tissue serves as the primary wall between the internal and external environments, it contributes significantly to physical and physiological protection against unfavorable changes, such as environmental stresses and pathogen infections (41) . In those fish in which scalation is reduced or absent, copious amounts of mucus are produced to compensate for the weak mechanical barrier (42) . It also has been reported that the loss of skin mucus results in an increased mortality due to infection (43) , which suggests that the skin mucus prevents colonization by microorganisms. In this respect, the localization of parasin I in the skin mucosa of the catfish may be highly significant, because parasin I provides an antimicrobial barrier against microbial invasion on the skin mucosal surface. This notion is supported further by our observation that parasin I showed good antimicrobial activity against fish-specific pathogens ( Table 1 ).
The conservation of the amino acid sequence of histone H2A (44) and cathepsin D (22, 45) in the fish phylum suggests that this parasin I sequence constitutes a biologically important part of the molecule that confers an advantage during selection and evolution in fish. Whether parasin I is ubiquitous in the skin mucosa of other fish is not yet clear. However, we confirmed by Western blot analysis the presence of parasin I in the mucus of eel, loach, and rainbow trout, in which scalation is reduced or absent (Fig. 8) . Taken together, our results suggest that cathepsin D is responsible for the generation of parasin I from histone H2A on epidermal injury and that parasin I represent an important innate antimicrobial defense against invading microorganisms in the skin mucosa of fish. Table 1 Antimicrobial activity of parasin I against fish-specific pathogens.
Aeromonas salmonicida (-) 10
Cytophaga aquatilis (-) 5
Yersinia rukeri (-) 15
Edwardsiella ictaluri (-) 10
Lactococcus garvieae (+) 10 a MICs were the average values obtained in triplicates on three independent measurements in three independent experiments. 
